As bstract. The relationships between brain blood flow (BBF) and ventilation (VI) were studied during sleep in 13 goats. Unilateral BBF was continuously measured with an electromagnetic flow probe; total and regional BBF were assessed by the radioactive microsphere technique in four animals. Interacting changes in VI and BBF occurred during both slow wave (SWS) and rapid eye movement (REM) sleep. During SWS, significant decreases in VI and increases in arterial Pco2 occurred compared to wakefulness. BBF during SWS correlated linearly with arterial CO2 tension (PaCO2); and the relationship was similar to that for awake goats breathing CO2. During REM sleep, VI was significantly less than both the awake (W) and SWS states due principally to a decrease in tidal volume. BBF during REM sleep was significantly and substantially increased compared with both the W and SWS states; this increase was shared by all brain areas. The increase in BBF during REM sleep was greater than that predicted from changes in PaCO2. In five goats provided with chronic sagittal sinus fistulae, arteriovenous oxygen difference was measured in separate studies and found to be significantly lower during REM sleep compared with W; brain 02 consumption was similar in magnitude in the REM and W states. Thus, the high BBF of REM sleep was also unexplained by an increase of brain metabolic activity.
Introduction
Ventilation and brain blood flow (BBF)' are linked by the role played by each in determining the magnitude of the other. The level of BBF modulates ventilation by controlling the chemical environment of the brain while the end product of ventilation, arterial blood gas tensions, can alter BBF at any given cerebral metabolic rate. This interaction may be of greater importance during sleep since overall ventilatory drive is depressed and Pco2 levels are increased (1) (2) (3) . Furthermore, cyclic mismatching of BBF to metabolism could induce oscillations in brain pH and contribute to the generation of respiratory irregularities such as periodic breathing or apneas, which are frequently described during sleep (4) .
Although simultaneous measurements have not been made, previous studies indicate that both BBF and ventilation are altered during sleep. However, disagreement exists on the magnitude and direction of such changes. BBF has been reported to increase (5, 6) , decrease (7), or remain unchanged (8) during slow-wave sleep (SWS) while one study reported an increase during rapid eye movement (REM) sleep (6) . Similarly, studies that have measured ventilation indicate that it decreases during SWS but disagree on the magnitude and direction of ventilatory changes during REM sleep (9).
This study was designed to examine the interrelationships of ventilation and BBF in the sleeping state. Our results indicate that the level of ventilation during SWS plays an important role in determining BBF levels during this period by controlling the magnitude of PaCO2 changes. In contrast, we found that BBF increases out ofproportion to both PaCO2 and brain metabolism during REM sleep; we postulate that this "excessive BBF' may contribute to the generation of the ventilatory characteristics of this sleep period.
Methods
Preparation of the animals. 13 goats weighing 25-30 kg were studied. Each animal was surgically prepared in two stages performed at least 1 wk apart under general anesthesia. On the first surgical day, electrodes for monitoring electroencephalographic (EEG), electromyographic (EMG), and electrooculographic (EOG) activity were implanted. The electrodes consisted of stainless steel, self-tapping screws soldered to a No. 26 7/34 PVC wire. The location of the electrodes is depicted in Fig.   1 . EOG electrodes were placed in the roof ofthe bony orbit in the lateral frontal sinus, EEG electrodes in the floor of the medial frontal sinus and in the parietal and interparietal bone, and paired EMG electrodes were buried in the posterior cervical musculature either in the cleidooccipitalis or rhomboideus cervicis muscles. The electrode wires were soldered into a miniature plug (ITT Cannon, MDl-95LI, ITT, Santa Ana, CA), which was held in place behind the confluence of the two horns by acrylic cement. On the same day, a tracheal fistula was also created as previously described (3, 10) .
A week later, an electromagnetic flow probe was implanted using a preparation designed to measure BBF continuously in the unanesthetized goat. In the goat, the internal maxillary artery is the main supply of blood flow to the brain as the vertebrobasilar system is vestigial. Thus, a flow probe that measures unilateral BBF with <5% contamination by extracerebral flow can be implanted around the internal maxillary artery following a technique that includes ligation and thrombosis of extracerebral branches (I 1, 12). The flow probes were calibrated before implantation using stored human blood with a hemoglobin content of 10 g/dl; this approximates a goat's normal hemoglobin content that has a lower limit of normal of 8 g/dl (13) . The goats of the current study had a mean hemoglobin of7 g/dl. On the same day, a heat-sealed polyethylene tubing (PE-190) filled with a heparinized solution was advanced into the aorta through one renal artery after unilateral nephrectomy was performed. The catheter was secured to the skin by a specially constructed cutaneous exteriorization button patterned after that designed by Zambraski and diBona (14). The animals were allowed to recover and were kept for the duration of the experiments in stalls provided with a reverse lighting schedule; i.e., the stalls were dark during the day and lit at night. Daily animal care activities including cleaning and feeding conformed to the lighting schedule.
Measurement of regional BBF. In 4 of the 13 goats, total BBF and its distribution were also measured during wakefulness and REM sleep by a radioisotope-labeled microsphere method (15) . In addition to the general surgical preparation of the animals described above, a second catheter was inserted into the same renal artery; this catheter was advanced into the left ventricle under pressure-wave guidance, filled with heparinized saline, heat-sealed, and anchored as described earlier for the arterial catheter. During the study, 0.5 ml ofa solution containing -3.0 X 106 microspheres of 15±3-jim diam and labeled with 14'Ce was injected into the left ventricle of the awake animal, followed by a 3-ml saline flush. For Production and assessment ofsleep. Assurance that the animals would not sleep or nap for at least 6 h before the studies was achieved by using an apparatus specially designed for mild sleep deprivation. The animals wore a denim vest connected superiorly by a rubber spring to a bar running the entire length of the stall. The spring contained an electromagnetic switch activated by tension; such tension was induced whenever the animals sat or lay down. Once activated, the switch triggered an electrical circuit that produced intermittent noise, which ceased only if the animals stood up. Thus, the animals were able to rest or lie down but remained awake during this period. Electrical power to this circuit was controlled by use of a timer switch.
Criteria used for recognition of sleep, wakefulness, or arousal were similar to that used for other species (16). Representative electrometric recordings obtained in the goat during wakefulness and sleep are shown in Fig. 2 diometer, America, Inc., Westlake, OH) after 6 min ofcontinuous wakefulness, 4 To determine the effects of sleep on ventilatory and circulatory parameters, the data were analyzed statistically using Freidman's analysis of variance by ranks. Differences between wakefulness and the two sleep stages were determined by the Student-Newman-Keuls test (17) .
Results
The effects of sleep on ventilation and its components in 26 studies of 13 goats are listed in Table I . The data represent the average of all studies. Both SWS and REM sleep are associated with a reduction in minute ventilation (P < 0.05) compared with wakefulness. In addition, ventilation was decreased in REM sleep compared with SWS. Tidal volume (VT) was lower (P < 0.05) and frequency greater (P < 0.05) during REM sleep compared with both wakefulness and SWS. The increase in respiratory frequency during REM sleep was primarily due to a decrease in expiratory duration (Te) . Inspiratory duration (Ti) did not change significantly. Arterial blood gas tensions tended to parallel the ventilatory changes. Pco2 was higher and P02 lower (P < 0.05) during both sleep stages compared with the awake values.
BBF changes are also given in Table I . Mean unilateral BBF in 23 studies of 13 goats was 70.7±3.5 (SEM) in the awake In our attempts to determine the mechanisms involved in the BBF changes during sleep, three possibilities were considered: changes in arterial blood pressure, changes in arterial Pco2, and changes in cerebral metabolic activity. Table I shows that mean arterial blood pressures during both sleep stages were not significantly different from the awake values. Furthermore, Fig. 3 A and B show no temporal correlation between BBF and blood pressure during REM sleep. Thus, we conclude that increase in perfusion pressure was not responsible for the increased BBF during sleep.
To examine the second possibility, we plotted BBF against PaCO2. There were variabilities among goats in the magnitude of base-line BBF, which reflected differences in hemoglobin concentrations and brain weights among the animals. Therefore, absolute values ofthe two parameters are plotted for each animal in Fig. 4 , while grouped responses of the simultaneous changes in each parameter during wakefulness and sleep are shown in Fig. 5 . Fig. 4 shows that the levels of BBF during REM sleep were clearly higher, for a given PaCO2 level, than those during SWS. Fig. 5 shows that the increase in BBF when related to PaCO2 during SWS is equal in magnitude to that in our previous 500 T. V (Fig.  6 ). Since tissue oxygen stores are limited, cerebral arteriovenous 02 (A-V 02) differences closely reflect the relationship between blood flow and metabolic rate. A decrease in cerebral A-V 02 indicates that blood flow is disproportionately increased relative to brain metabolic activity. A constant cerebral A-V 02 in the face ofincreasing blood flow would indicate that the latter likely occurred in response to the increase in metabolic rate. Fig. 6 shows that cerebral A-V 02 differences were lower (P < 0.05) in REM sleep compared with the awake state suggesting that blood flow was increased out of proportion to 02 consumption. The A-V 02 difference for SWS was not significantly different from the other two states.
The calculated cerebral 02 uptake for the whole brain averaged 4 BBF responses during sleep. Interest in BBF during sleep dates back to an early hypothesis that the narcosis of sleep is related to brain hypoxia caused by a reduction of BBF (26) . The first meaningful study (in light of current knowledge and techniques) was done by Mangold et al. (5) who used the KetySchmidt nitrous oxide method. They reported a 10% increase in BBF during natural sleep in man, which was not further characterized. In a later study using iodoantipyrine as an indicator, Reivich et al. (6) reported a 15% increase ofBBF during SWS and an 80% increase during REM sleep in cats. The increase
3.0-(m102/1 00 Ml) 2.5 -2 1 . 5 i~d uring REM sleep was observed in all brain regions whereas the increase during SWS was shared by only 50% of the brain areas examined. There were no changes in arterial blood gas tensions in this study; the authors therefore eliminated these factors as possible mechanisms for the increased perfusion. They speculated that the increased BBF during REM sleep was due to increased oxidative metabolism. Similar observations were made by Shapiro and Rosendorff(27) who reported a 25% hypothalamic blood flow increase during SWS and a 63% increase during REM sleep, using a '33Xe washout method in rabbits.
In contrast to the above, Risberg and Ingvar (8) reported no changes in BBF during SWS using cortical scintillation counters that quantified intravenously injected "1'I-labeled serum albumin in man. Townsend et al. (7), using the '33Xe washout technique and therefore probably reporting only on grey matter flow, reported a decrease in BBF of -14% during SWS and a modest increase (3-12%) during REM sleep in man.
Our findings in SWS would seem to reconcile some of the discrepancies regarding BBF during SWS that now exist in the literature, since we found a strong correlation between Pco2 of the arterial blood and BBF. In the seven studies in which Pco2 did not increase during SWS, BBF showed no changes as well. In the two studies where Pco2 decreased during SWS, BBF levels were lower than the awake values. In the remainder both Pco2 and BBF increased. The magnitude of the relationship between Pco2 and BBF was similar to that previously described for the awake state and the correlation between the two showed little variance as is illustrated by Fig. 5 . Thus, it seems highly likely that the variability shown by previous studies can be explained by differences in magnitude ofventilation during SWS. In addition, it seems that when increases in BBF occur during SWS they may be attributed to hypoventilation with resultant hypercapnia.
Our studies are also in agreement with previous studies that have shown a significant increase in BBF occurring during REM sleep (6, 27) . The generalized nature of this increase in brain perfusion suggested by one of these studies (6) The close temporal association of increased BBF and decreased tidal volume during REM sleep (Fig. 3 A and B) becomes of special interest, therefore. The central chemoreceptors are known to primarily regulate tidal volume (30, 31); a low tidal volume, such as was found in this study, is typically found during REM sleep (9). In addition, mean inspiratory flow (VT/ Ti), which is felt by many to closely correspond to overall chemical ventilatory drive, was significantly reduced during REM sleep in this study. Thus, the ventilatory characteristics of REM sleep are consistent with decreased activity of central chemoreceptors and, as outlined above, our data suggest that the output of the central chemoreceptors should be least in this state. It is recognized that the differences in calculated tissue CO2 tension are small. However, the high sensitivity of the central chemoreceptors to small changes in pH is well documented by the elegant studies of Fencl et al. (32) . We estimate from those data, for example, that a change of tissue Pco2 of 1 mmHg would change ventilation by '30% in an awake goat.
We do not mean to imply from the above that all of the ventilatory characteristics of REM sleep can be attributed to a relative reduction of central chemoreceptor Pco2. Neural changes, which may be related to the ponto-geniculo-occipital (PGO) waves of REM sleep, for example, may contribute directly or indirectly to the observed respiratory changes by modifying the integration of chemoreceptor response. However, we speculate that the apparent lack ofchemical respiratory drive during this period may in part reflect a lower central stimulus. It is interesting to note in this regard the findings of Sullivan et al.
(33) that ventilatory responses to CO2 were lower in phasic than in tonic REM sleep. In the present study, BBF levels were highest during manifestations of phasic activity. 
